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I. INTRODUCTION

Research addressing the utilization of electromagnetic (EM) launchers in a weapons
role has been in existence for some years. 1,2,3 In particular, the parallel rail launcher
configuration has been focused on extensively. A large percentage of work has been devoted
to acceleration and electrical performance rather than on the package to be accelerated. In
this test, more attention was given to the launch package, in part, because its lethality is
the ultimate measure of effectiveness of an EM launcher. The design of the launch package
is complicated by the numerous tasks it must perform. A portion of the total launch
package must serve as the armature in the electric gun. The armature must withstand the
magnetic forces and serve as the accelerator of the package. For atmospheric flight, part of
the launch package must serve as an aerodynamic body, flying the payload to the target.
Finally, some portion of the launch package must perform the task of defeating the target.

In order to assess the practicality of a small-caliber EM launcher, the designer must
consider the projected improvements offered over existing weapons technology. The .50
caliber Saboted Light Armor Penetrator (SLAP) round represents the existing technology
and was used for comparison. Bore sizes of less than 15.25 mm (.60 in) were considered
small-caliber.

The EM projectile is shown in Figure 1, and it is essentially a scaled down version
of a previous design.4 The projectile has a square base of 10 mm (.400 in), and this was
considered the projectile's reference length (.400 in =1 caliber) for all measurements. The
projectile's tungsten nose section is 2.5 calibers long. This choice of nose length results in
a weight distribution of 35% to 65% nose to afterbody. A threaded tungsten stud joined
the nose and afterbody. A slot 3.4 mm (.133 in) wide and 14.3 mm (.563 in) deep is shown
at the rear of the projectile. The thickness of the leg cross sections on either side of the
slot is 3.4 mm. A plastic bore rider supports the tungsten/aluminum joint and was 1.25
calibers in length.

The objective of the test program was to examine rail/projectile interaction, projectile
launch and general flight characteristics. A short description of an EM launcher is included
in Appendix A.

II. SET-UP AND PROCEDURE

A sketch of the experimental set-up is shown in Figure 2. It consisted of a 300 kJ
capacitor bank coupled to a pulse shaping inductor. These devices store and regulate
the power for a one-meter-long, nominally 10 mm square bore rail gun. More elaborate
and efficient rail gun systems exist, 5.6 but the test was constrained to use the system at
Maxwell Laboratories. An injector is attached at the breech of the rail gun and drives the
projectile using high pressure gas. An injection velocity is necessary to prevent spot welding
that sometimes occurs with solid armatures that start from rest. Injection increases the
potential for higher velocity without the increased frictional ; lid ohmic dissipation to the
armature contact surfaces that are common at lower starting velocities.



The X-ray film, located approximately 15.2 cm (6.0 in) from the exit of the gun, was
used to examine the level of yaw at the muzzle exit. Following the X-ray film, five yaw
cards were spaced equally from 2.28 to 4.42 m (7.5 to 14.5 ft) from the gun exit. These
cards were positioned for analysis of the predicted yawing motion of the round. Beyond
the yaw cards, break-wires measured the projectile velocity near the target. The target
was a one-inch-thick piece of rolled homogeneous armor (RHA) enclosed in a 46.2 cm (18.9
in) square steel catcher box positioned 8.84 m (29.0 ft) from the muzzle. A video camera
was positioned 4.27 m (14.0 ft) from the gun exit to obtain an in-flight photograph of
the projectile. The video camera did not provide adequate resolution and was eventually
replaced for the last two rounds of the test with a high speed framing camera at the same
location.

Instrumentation of the gun was a major aspect of the test. Two pressure gages located
in the injector section detected the projectile's longitudinal position. A pair of insulated
high voltage contacts, 'hot rail contacts', were located in the injector section and provided
a trigger signal marking the projectile arrival time and position. Voltages and currents
pertinent to the operation of the railgun and projectile were recorded digitally. The primary
electrical measurement evaluating the performance of the projectile is the voltage measured
across the rails at the muzzle, which is the armature voltage. An alternate voltage measured
at the breech could also be used. This measurement, however, contains additional voltage
contributions due to a moving conductor in a magnetic field (back EMF) and rail resistance.
Both the breech and muzzle voltages were measured by resistively dividing a portion of the
main driving current and measuring that small current with a current transformer. The
armature current is the sum of two currents and each was measured by a Rogowski coil.
Inside the railgun, magnetic field probes were oriented to sense the time rate of change of
the armature and rail magnetic field as the projectile passes by. These probes, commonly
called B dot probes, give the position of the centerline of current flow in the armature.
Four holes were bored in the insulator section of the gun to accommodate the magnetic
field probes and each also served as a position marker.

The test program included firing eleven projectiles. The first three firings checked the
injector system only and are called gas shots. The data gained from these shots helped
determine a velocity versus gas pressure relationship. The next projectiles were fired at
low current levels, close to 125 kA, with injection velocities of about 300 m/s. These firings
examined armature effectiveness at lower current levels with minimum risk of rail damage.
Higher current increases the probability of arcing and concurrent rail damage. For the test
program, a lack of projectile structural integrity, high voltage arcing, and severe armature
damage prior to impact were considered critical failures.

III. RESULTS

Table 1 is a shot summary and contains in-bore velocities, injection velocities, current
levels, break-wire velocities, armature conditions and comments.
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Table 1. Shot Summary

In-bore Injection Peak Break-wire
Shot Velocity Velocity Current Velocity Armature Comments

# (m/s) (m/s) (kA) (m/s) Condition
1 - No data Gas shot No data Gas shot Broken nose
2 - 174.3 Gas shot 249.8 Gas shot Broken nose
3 - 333.3 Gas shot 406.7 Gas shot Broken nose
4 No Data 339.3 130 500.0 Minor damage Broken nose
5 568 333.3 132 No Data Minor damage Flew intact
6 571 333.3 131 510.2 Minor damage Flew intact
7 - No data Gas shot No data Gas shot Broken nose
8 - No data Gas shot No data Gas shot Broken nose
9 624 365.4 127 No Data Minor damage Unbroken screw

10 582.7 333.3 131 367.6 Minor damage Broken nose
11 1070.6 380 270 No Data Severe damage No flight data

1. GAS SHOTS

Testing started with three gas shots. These shots verified the functioning of the
injector and the hot rail contact, and they determined a time delay for capacitor bank
discharge. For these shots the gas pressure was varied from 12.4 MPa (1800 psi) to 23.4
MPa (3400 psi). The resultant velocities at these pressures are shown in Table 1. The
yaw card data indicated that the noses had broken away from the afterbodies. The bore
rider was apparently blown in front of the projectile by high-pressure gas that leaked
forward around the base of the projectile. Consequently the projectile traveled with its
nose section unsupported down the bore. Without support, balloting of the projectile
probably fractured the nose while in-bore. Despite the probable reoccurrence of the bore
rider being blown off, it was thought that important armature data could be obtained. No
X-ray data were obtained for these shots.

2. ELECTRICAL SHOTS

a. Shot 4

The capacitor bank was charged to 3000 volts, and the accumulator pressure remained
at roughly 23.4 MPa (3400 psi). The projectile was injected at 339 m/s and accelerated
by a peak current of 130 kA. The initial charge voltage was essentially kept constant Zor
the remaining shots. The velocity measured at the break wires showed a 23% increase over
gas shot velocities. The muzzle voltage trace showed a large spike as the projectile exited
indicating that current was still flowing in the gun circuit at that time. The projectile nose
broke as expected.
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b. Shot 5

For this shot, the bore rider split axisymmetrically. The projectile remained intact
throughout the flight according to yaw card data. The yaw decreased during the flight,
going from roughly 17 degrees to under 10 degrees over a distance of 2.14 m (7.02 ft). This
corresponded to a yaw period of approximately 13.7 m (45 ft). Predictions of this period
were within 10% of this measurement.

c. Shot 6

Modifications were made for Shot 6 to fix the position of the bore rider on the projectile
during acceleration. The bore rider was cut to aid in axisymmetric discard, and epoxied
to the exterior threads at the nose/afterbody joint (these threads are hidden by the sabot
in Figure 1). In addition, the slot in the afterbody was filled with epoxy in an attempt to
stop high pressure gas from leaking forward through the projectile slot. The bore rider's
corners were rounded to allow gas leaking up from the rear to flow past the bore rider,
thereby helping to keep the bore rider on the projectile until exit. The first successu'.l
X-rays of the test showed the bore rider discarded just out of the gun. Unfortunately, the
discard was asymmetric. Figure 3 shows the round after impact.

The projectile appears to have flown intact to the target according to yaw card data.
The yaw of the projectile stayed roughly at the same level varying from 9 degrees to 11.5
degrees in approximately 2.14 m. The yaw data for this round indicated a period of 18.5
m (60 ft). Most of the armature damage for this round occurred on impact, however, some
surface pitting can be seen over much of the legs. X-ray data revealed a concave shaped
lower leg upon projectile exit. Pressure from in-bore arcing at the rail contact interface is
thought to have caused this concavity. The extent of the arc damage on this shot does not
appear serious enough to have a marked effect on the projectile flight characteristics.

d. Shots 7 and 8

These shots suffered hot rail electrical contact problems and the capacitor bank did
not discharge. On Shot 8 the nose fractured at the tungsten/aluminum (W/Al) interface
despite previous bore rider and projectile modifications.

e. Shot 9

The tungsten nose was replaced with a steel screw to examine if the steel screw would
fracture as readily as the tungsten nose. The steel screw did not fracture. The X-ray
photographs at the projectile exit revealed the head of the steel scrcw preventing the bore
rider from fully advancing off the aluminum afterbody. This proved that gas pressure was
forcing the bore rider ahead of the projectile leaving the nose unsupported. Due to the
weight reduction in using a steel screw instead of a tungsten no-, . the injection velocity
was boosted to 365 m/s. The projectile legs showed definite signs that an arc formed.

4



f. Shot 10

The projectile used for Shot 10 had an armature contact surface with serrations to
increase the current carrying capability. Multiple points of contact, which occur when an
armature contact surface is serrated, help prevent in-bore arcing. Figure 4, showing Shot
10 after impact, shows the serrations. There were six, .508 mm (.020 in) wide cuts spaced
1.02 mm (.040 in) apart and to a depth of 1.02 mm. The cuts were perpendicular to the
axial direction and canted rearward at a 45 degree angle. In addition, the inside comers
of the legs were tapered at a 15 degree angle to improve the current density and uniformly
distribute the magnetic contact force. X-ray photographs showed a slightly bent nose still
attached to the afterbody upon projectile exit, but the framing camera showed a highly
yawed projectile without a nose section.

g. Shot 11

The current level was doubled for this shot. The projectile for this shot had about
half the number of serrations on the contact surface compared to the previous shot. This
shot showed a total loss of projectile/armature structural integrity and indicated that the
armature was inadequate for these current levels.

3. SHOT DISCUSSION

a. Electrical Considerations

The gas pressure yielded injection velocities near 330 m/s, which were adequate to
prevent spot welding. The muzzle and breech voltage were adequately recorded for one
shot (Shot 4). A plot of the armature current, and breech and muzzle voltages are shown
in Figures 5 and 6. A convenient technique to evaluate the Joule heating of a conductor
is by the use of the action integral. The action integral is simply the integral of the
current squared over time divided by the cross sectional area squared. Since the current
enters at the rear of the leg, the cross section is the leg thickness times the bore height.
This is set equal to the action constant, which implicitly gives the temperature rise of
the conductor. The action constant has been tabulated for a variety of conductors.7 The
integral of the current squared is evaluated up to the time when the armature transitions
to an establishcd arc. Solid aluminum armatures with flat contacting surfaces have arced,
regardless of velocity, at action constants of 8x1015 amps2.s/m 4. This translates to a bulk
temperature rise of only 1400 C. This value was also obtained from tests performed on the
.50 caliber mass-stabilized projectile with a leg thickness of 2.54 mm (.10 in). In more
recent testing at the Ballistics Research Laboratory, a 6.35 mm (.25 in) mass-stabilized
design has been operated at 8x10" amps 2.s/m 4 with no arcing. However, modifications
were made to the contact surface area to increase the current carrying capability. The
point of transition is marked by a rise in voltage to a level indicative of armature failure.
This level is bore size dependent, and for the 10 mm barrel it is 100 volts. Single contact
arcing, without emitting light, occurs in the 10 - 20 volt range. Light I- omitted for a single
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contact arcing at 40 - 60 volts. Visual inspection of the rails after a shot should show the
exact axial position and rail location of contact arcing. The muzzle voltage record for
Shot 4, (see Figure 6), revealed the armature contacting intermittently, breaking from the
rail with greater frequency until an arc was fully established at 620 ps. This arc voltage
continues at the 100 volt level until the projectile exits the barrel at 1.7 ms. The action
integral constant calculated from the current trace up to 620 A s is 5x10 I' amps2 .s/m 4;
this corresponds to a bulk temperature rise, due to ohmic heating, of only 87°C. This is
consistent with previous data.

Dimensional tolerances play a crucial role in the function of the armature. If the pro-
jectile rapidly enters a region where the dimension of the leading edge of the contact surface
is less than that of the armature contact surface, the legs become overstressed causing the
trailing edge of the legs to lift away from the rail. This leg movement would likely cause an
arc to form. This arc would cause high pressures and further leg bending. The straightness
of the barrel is also important since off-axis components of high acceleration cause side
loads that damage parts of the projectile. The bore used was honed and shimmed to obtain
the overall dimensions required for the armature before it was considered usable. Tighter
bore tolerances were attempted in order to improve projectile launch conditions. Because
of the lack of electrical data on the armature, it is difficult to analyze the armature function
and the position in the barrel where the arc formed. However, based on experience from
firing a projectile at lower energy, it is possible to determiiie whether an arc formed. On
full-scale testing of a 12.7 mm diameter projectile at BRL, when an arc occurred, there
was a notable increase in final velocity. Numerical simulations were performed using the
actual gun current profile and predicted a much lower velocity for nonarcing firings. The
plasma pressure, resulting from the formation of an arc, contributes a driving force not
accounted for in the simulation. For the 10 mm shots, assuming a perfect armature, the
simulation predicts muzzle velocities of 425 m/s. This is substantially lower than any of
the exit velocities measured. Hence, it is believed that all of the armatures arced in-bore.
Arcs from solid armatures can cause much in-bore damage and rail erosion and are, there-
fore, to be avoided. The X-ray photograph of Shot 6, revealed that the upper armature
leg is concave upon gun exit. This is likely the result of the legs lifting off the rail surface
and an arc striking in the resulting gap.

b. Mechanical Considerations

An effective EM projectile must maintain structural integrity and be aerodynamically
efficient. Given these characteristics and the fact that future EM projectiles may be based
on early designs such as this, it is critical that the fracture and separation of the nose
section be understood. During the projectile's travel down the bore, side loads can occur
due to bore asymmetries. An analysis was performed to compute the bending moment
necessary to break the nose at the threaded section of the stud. Calculation, assuming
pure bending, revealed that a bending moment of 1.01 N-m (8.96 lb.in), at the minor
diameter, could cause a break. A load of 120 N (27 lbs) exerted at the center of gravity of
the nose section would result in a moment of this size. Additional stresses contribute to
the fracture of the tungsten stud. A section view, without external threads, is shown in
Figure 7. A failure in the shear mode was calculated to occur for a load of 1000 N (225 lbs)
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at the minor diameter. The exact combination of bending and shear effects that actually
occur is unknown. A change to a thicker tungsten stud could resist these forces and keep
the mass properties of the projectile nearly the same.

Two tests using a static load machine were performed to get a more accurate measure
of the forces required to break the nose section. The projectile armature contact surfaces
were rigidly supported, and the test configuration resembled a cantilevered beam with the
nose section and a portion of the afterbody unsupported as can be seen in Figure 8. Loads
of 488 N (110 Ibs) and 400 N (90 lbs) caused the nose to break just prior to the threads at
a radius located 2.83 cm (1.11 in) from the support point. These loads, while static and
not dynamic in their application, represent a significant fraction (approximately 10%) of
the accelerating force.

Several theories have been suggested for the failure of the nose section. An asymmetric
bore coupled with high accelerations can cause large side loadings on the nose. Another
hypothesis was that the acceleration load caused the projectile to fail in compression.
An examination of the stresses using the Algor Supersap stress analysis code indicates
otherwise.8 Using a current of 130 kA, the corresponding acceleration was 31,000 g's. The
highest stresses occur at the radius prior to the threaded section in Figure 9. This radius
has essentially the same diameter as the minor diameter of the threads. The greatest
compressive stress resulting from this inertial loading was well below the yield strength of
the tungsten nose. The nose/afterbody joint from the acceleration standpoint is adequate.

All nose/afterbody fractures were assumed to have happened in-bore. Data from yaw
cards clearly show that some noses have separated from the afterbodies 2.13 - 3.05 m
(roughly 7 to 10 feet) from the gun muzzle. In contrast to this, X-ray photographs at
.152 m revealed that some projectiles appeared to have remained intact. An explanation
reconciling the conflicting data is that the fracture happens in-bore but the nose has not
yet been able to separate from the projectile at the time of the X-ray picture. Upon
completion of the testing, the rails were examined for signs of in-bore scoring, which might,
occur with a fractured nose that separated in-bore, and none were found. The point along
the travel where the projectile nose broke remains undetermined.

4. COMMENTS

The physical, photographic, and electrical data gathered were inconsistent and af-
forded only glimpses of what happened on individual shots. Current traces were obtained
and were useful in calculating the maximum acceleration of the projectile. Primary arma-
ture data, such as the voltage drop across the rails at the muzzle and at the breech were
recorded, but acceptable data were obtained only for Shot 4. The surface of most of the
armatures showed that melting was taking place along the entire rail/armature interface.
Figure 10 shows an example of contact surface melting from Shot 4. Electrical heating of
the resultant plasma arc when the armature leg loses rail contact is sufficient to cause this
extensive melting. It is believed that excessive loading at the front of the armature slot,
as occurs in an undersized bore, caused the armature legs to fail.
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In general, the rails suffered only surface damage during the eleven shots. There were
dark areas on the inner rail surfaces where arcing or a melting of aluminum appeared to
have occured. The rails were not examined after every shot due to the difficulty involved
with assembling and disassembling the gun. Therefore, it is not known which shots caused
the most damage. Visual examination of the rails showed a thin aluminum coating in
sections confirming that armature melting did occur although the exact reason is not
known.

IV. CONCLUSIONS

Projectiles that are equivalent aerodynamically and structurally, have been launched
under the same acceleration conditions at BRL. 9 These projectiles exhibited none of the
mechanical problems that occurred during the testing at Maxwell. Small modifications
were made to these rounds though. These modifications included increasing the number
of serrations on the contact surface, chamferring interior slot edges and lengthening the
bore-rider to 1.9 calibers. The launcher used at BRL did not create excessive leg loadings
that would cause the armature legs to lose contact and fail. From this, it is believed that
the gun integrity is a major factor in successful railgun firings.

Improvements to the projectile design and some railgun requirements came about as
a result of this testing. With regard to the railgun itself, the rail to rail dimensions were
shown to be very important to the proper functioning of a projectile. Knowing the ex-
pansion of the bore under pulsed current conditions can assist in calculating the armature
interference fit and help to minimize frictional losses. The projectile's tungsten/aluminum
interface should be modified by enlarging the diameter of the threaded tungsten stud for
greater strength. This will enable the projectile to survive larger than expected side loads.
The armature configuration showed promise, and in general worked adequately at the
low current levels despite some in-bore arcing. Thicker armature legs and armiature sur-
face serrations will undoubtedly increase the current carrying capability and allow higher
speeds.

. . . . .. a n aaaanm U twiit H ll 8



Figure 1. 10 mm test projectile.
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Figure 3. Projectile after impact (Shot 6).

Figure 4. Recovered projectile (Shot 10) showing visible serrations.
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Railpim launch packages are mainly comprised of two parts: an armature sec-
tion and a payload section. While extensive efforts are being given to developing
an efficient armature, much less attention is being given to integrating the arma-
ture with the payload. Launch package designs with discarding armatures pay
a significant kinetic energy penalty between launch and flight. From an energy
standpoint, a flight body with an integral armature is efficient. For small caliber
applications, combining the armature and payload masses is very attractive. Al-
though the idea is simple, the details of this integration between armature and
payload are complex.

The rearward section of the afterbody conducts the current from rail to rail,
and it is referred to as the armature. The base of the afterbody is slotted and has
two extensions. These extensions are termed legs. The flat surfaces of the legs
that touch the rails are referred to as armature contact surfaces. The armature
legs have a tapered interference fit between the rails and the armature contact
surface to establish an initial pre-load on the surface. This maintains current flow
through the interface before the projectile has started to accelerate. The resultant
Lorentz force, due to current flow in a magnetic field, drives the projectile forward
and tends to expand the slot and further increases the contact pressure on the
armature contact surfaces.

A diagram of an electromagnetic railgun is shown in figure A-1. The railgun,
in its simplest form, operates by applying current to a stationary parallel pair
of conducting rails. A conductor, either solid or gaseous, is free to slide between
the rail pair. This moving, conducting element is called the armature and carries
the current to the opposite rail. The interaction between the current and its
magnetic field produces a force proportional to the square of the current. This
force accelerates the armature. The highest performance case is for constant ac-
celeration and likewise constant current. However, for most efficient operation
the current must go to zero upon projectile exit. Ideally the driving current
waveform should be a square wave. Unfortunately a true square wave is not a
practical possibility. Continued research in pulsed power rotating machinery5

and capacitor and switching technology6 is being pursued to further refine accel-
eration profiles. These choices of pulsed power can attain near sinusoidal current
pulses with half cycle times that can be matched to the acceleration time of
a projectile in the bore. Nonetheless, an easy and typical technique to obtain
nearly constant acceleration (at the expense of lower efficiency) is to create a
current pulse, I, which decays slowly compared to the acceleration time. This
requirement is satisfied by the power supply circuit shown in figure A-2. Primed
letters denote quantities associated with the railgun part of the circuit. Resis-
tive, capacitative, inductive quantities are noted by R's, C's and L's with varying
subscripts. Further explanation of these quantities and their purpose is given in
Reference 6.

The circuit works as follows. The capacitor, in figure A-2, is charged to a
desired voltage. When the discharge is initiated (S1 closes) the resulting sinu-
soidal current waveform charges the inductor to maximum energy in a time short
compared to the acceleration time. A second switch (S2) is then closed across
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the capacitor to prevent voltage reversal and to create an exponentially decaying
current waveform. In addition to this circuit's inefficiencies, there will still be
current flowing in the circuit when the projectile exits the gun barrel. When this
inductive circuit is opened, the resultant magnetic fields try to collapse and large
voltages are created at the muzzle. If the voltage upon projectile exit is large
enough, an arc will form at the armature contact surface and perhaps create an
unpredictable pressure distribution on the projectile. This distribution can lead
to launch problems.
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